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Background: Effective strategies are dramatically needed to prevent and improve the recovery frommyocardial
ischemia and reperfusion (I/R) injury. Direct interactions between themitochondria and endoplasmic reticulum
(ER) during heart diseases have been recently investigated. This study was designed to explore the car-
dioprotective effects of gypenoside XVII (GP-17) against I/R injury. The roles of ER stress, mitochondrial injury,
and their crosstalk within I/R injury and in GP-17einduced cardioprotection are also explored.
Methods: Cardiac contractility function was recorded in Langendorff-perfused rat hearts. The effects of
GP-17 on mitochondrial function including mitochondrial permeability transition pore opening, reactive
oxygen species production, and respiratory function were determined using fluorescence detection kits
on mitochondria isolated from the rat hearts. H9c2 cardiomyocytes were used to explore the effects of
GP-17 on hypoxia/reoxygenation.
Results: We found that GP-17 inhibits myocardial apoptosis, reduces cardiac dysfunction, and improves
contractile recovery in rat hearts. Our results also demonstrate that apoptosis induced by I/R is pre-
dominantly mediated by ER stress and associated with mitochondrial injury. Moreover, the car-
dioprotective effects of GP-17 are controlled by the PI3K/AKT and P38 signaling pathways.
Conclusion: GP-17 inhibits I/R-induced mitochondrial injury by delaying the onset of ER stress through
the PI3K/AKT and P38 signaling pathways.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coronary artery diseases and associated ischemic heart diseases
are prevalent worldwide [1]. The mechanisms underlying
myocardial ischemic/reperfusion (I/R) injury are multifactorial
[2,3]. We have previously demonstrated the occurrence of endo-
plasmic reticulum (ER) stress in I/R injury and shown that ER stress
lasmic reticulum; [Ca2þ]i, intracellu
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inhibition protects hearts from I/R injury [4]. Multiple mechanisms
involving caspases, Ca2þ, Bcl-2 family proteins, and transcription
factors link ER stress and apoptosis during I/R injury [5e7]. ER
stress blocks mitochondrial Ca2þ uptake, alters oxidative phos-
phorylation, and injures metabolic remodeling, thus impairing
energy metabolism during many cardiac diseases [8]. Mitochon-
drial dysfunction, particularly mitochondrial permeability
lar Ca2þ; eNOS, endothelial NOS; RaH, ranolazine 2-HCl; OCR, oxygen consumption
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transition pore (mPTP) opening, is destructive in heart injury [9,10].
mPTP reportedly remains closed during ischemia but opens in
reperfusion [11]. Therefore, the mitochondria are a potential drug
target for the treatment of I/R injury.

In our previous studies, gypenosides from Panax notoginseng
(Burk.)F. H. Chen provided protective effects on cerebral vascular and
cardiovascular diseases [4,12,13]. Gypenoside XVII (GP-17) (Fig. 1A) is
derived from Panax notoginseng (Burk.). Previous studies have illus-
trated that GP-17 exerts neuroprotective effects against Ab25e35e
induced apoptosis in PC12 cells [14]. Gypenosides also protect against
cerebral ischemia and show neuroprotective effects against oxidative
injury [15]. Based on these previous reports, we were inspired to
explore whether GP-17 provides cardioprotective effects against I/R
injury and whether such protective effects are associated with ER
stresse or mitochondrial injuryeassociated signaling pathways.
Fig. 1. Effects of GP-17 on H/R-processed H9c2 cardiomyocyte. H9c2 cardiomyocyte were inc
reoxygenation for 12 h. (A) Chemical structure of GP-17; (B) GP-17 had no significant effec
induced cell death detected by CCK-8; (D) effects of GP-17 on H/R-induced LDH release an
(G) the quantitative data of PI-positive cell rate compared with the control showed by bar d
representative images of annexin V-(fluorescein isothiocyanate) FITCepositive cells or PI-po
versus the I/R group, ***P < 0.001 versus the I/R group.
GP-17, gypenoside XVII; H/R, hypoxia/reoxygenation; CCK-8, cell counting kit-8; LDH, lacta
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In this study, we explored the effects of GP-17 against I/R injury
in Langendorff-perfused rat hearts and in I/R-treated H9c2 cells.
Our results suggested that GP-17 reduced cardiac dysfunction,
inhibited myocardial oxidative stress and apoptosis, and improved
contractile recovery after I/R ex vivo and in vitro. We demonstrated
that GP-17 protected against I/R-induced mitochondrial impair-
ment by delaying the onset of ER stress through the PI3K/AKT and
P38 signaling pathways.

2. Materials and methods

2.1. Materials

GP-17 (purity > 98%) was obtained from Shanghai Winherb
Medical S&T Development (Shanghai, China). The cell culture
ubated with different concentration of GP-17 for 24 h, followed by hypoxia for 6 h and
ts on cell viability with the concentration under 100 mM; (C) effects of GP-17 on H/R-
d (E) caspase-3 activities; (F) ROS levels evaluated by a FACSCalibur flow cytometer;
iagram; (H) representative images of intracellular ROS-positive cells and merge; (I) the
sitive cells. ###P < 0.001 versus the control, *P < 0.05 versus the I/R group, **P < 0.01

te dehydrogenase; ROS, reactive oxygen species; PI, propidium iodide.
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materials, including fetal bovine serum, Dulbecco's modified
Eagle's medium, and penicillin/streptomycin, were obtained from
Gibco (NY, USA). The compounds used in Krebs-Henseleit (KH)
buffer were purchased from Sigma-Aldrich Chemicals. The kits of
malondialdehyde (MDA), catalase (CAT), lactate dehydrogenase
(LDH), glutathione peroxidase (GSH-Px), and superoxide dismutase
(SOD) were purchased from Jiancheng Bioengineering Institute
(Nanjing, China). The primary antibodies, PI3K, P-PI3K, AKT, P-AKT,
P38, PeP38, GRP78, P-PERK, PERK, P-eIf2a, eIf2a, ATF6, IRE1, P-JNK,
JNK, CHOP, caspase-12, BAX, Bcl-2, BAD, and GAPDH were supplied
by Santa Cruz Biotechnology (CA, USA).

2.2. H9c2 cell culture and hypoxia/reoxygenation

H9c2 cardiomyocytes were plated and grown in a humidified
incubator at 37�C for at least 24 h containing 5% CO2. For hypoxia/
reoxygenation (H/R) processes, cells suffered 6 h of hypoxia and 12
h of reoxygenation as previously described [4]. Briefly, cells were
removed to an anaerobic glove box (Coy Laboratory, USA), in which
5% CO2 was changed to a combination of 5% H2, 5% CO2, and 90% N2.
After 6 h of hypoxia, cells were maintained in the regular incubator
for 12 h as reperfusion.

2.3. Cell viability, lactate dehydrogenase leakage, and caspase-3
assay

The cell counting kit-8 (CCK-8, Dojindo, Kumamoto, Japan) was
used to determine cell viability. 10 ml/well of CCK-8 solution was
added to the cells cultured in 96-well plates (5�104 cells/well) and
kept in 37 �C for 4 h. The absorbance at 450 nm was detected by a
microplate reader, and the cell viability was presented by the per-
centage of CCK-8 reduction relative to that of control. The culture
mediumwas collected and analyzed by LDH assay according to the
instructions.

A Fluorometric Assay Kit (BioVision, USA) was used to assess
caspase-3 activity. Briefly, the lysed cells were centrifuged, and the
supernatant was added by the caspase-3 substrate. Results were read
by a Fluoroskan Ascent FL fluorometer (Thermo Fisher Scientific,
USA) using a 400 nm excitation filter and 505 nm emission filter.

2.4. Reactive oxygen species production

Cells were separated by tryptic digestion and incubated in the
dark at 37 �C with 25 mM of carboxy-H2DCFDA (Life Technologies,
USA) for 30 min. FACSCalibur flow cytometer (BD Biosciences, CA,
USA) was used to analyze the fluorescence. Images of the stained
cells were immediately obtained using a high-content imaging
system (Molecular Devices, USA).

2.5. Mitochondrial transmembrane potential (DJm) and flow
cytometry analysis

After preconditioning with GP-17 for 24 h and H/R treatment,
cells were added by 2 mM of JC-1 and kept in the dark for 15 min at
37 �C as previously reported [12]. The labeled cell images were
observed by ImageXpressMicro. Flow cytometry was used to assess
cell apoptosis. 1 � 106 cells were incubated in the dark for 20 min
with annexin V/propidium iodide (PI), resuspended in 300 ml
binding buffer, and analyzed by FACScan flow cytometer within 1 h.

2.6. Oxygen consumption rate measured by Seahorse XF24 Analyzer

2 � 104 cells were plated in quadruplicate wells of 24-well cell
culture plates (Seahorse Bioscience, North Billerica, MA) and
exposed to 20 mM of GP-17 with or without H/R. Then, the medium
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was replaced by the XF Assay Medium, which was added by 1 mM
sodium pyruvate, 2 mM glutamine, and 0.9% glucose. After incu-
bated in a non-CO2 incubator for 1 h, we used the Seahorse
Bioscience XF24 Extracellular Flux Analyzer (Seahorse Bioscience)
to measure the oxygen consumption rate (OCR). The cells were
added as the following: (1): basal levels were measured with no
additives; (2) 1 mMOLIGO; (3) 0.3 mM FCCP; (4) 0.1 mM ROT. Both of
the OCR (in pmol O2/min) and pH change or absolute levels of O2
and pH were visualized in the data output.

2.7. Animals and the langendorff procedure

Eight-week-old male SD rats (SCXK 2014-0001) weighing 200e
220 g were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The animals were housed at
22� 2�C with 60% � 10% humidity and light from 6:00e18:00 h for
a 1-week acclimation period.

Heart functionwas assessed using the ADInstruments PowerLab
system (ADInstruments, Sydney, Australia). The hearts were first
perfused and equilibrated with KH buffer (11 mM glucose, 118 mM
NaCl, 25 mM NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM CaCl2,
1.7 mMMgSO4, and 0.7 mMNa pyruvate saturated with 95% O2e5%
CO2 at 37�C, pH 7.4) for 15 min. Ranolazine 2-HCl (RaH), a late so-
dium channel blocker used for chronic stable angina treatment
[16], was used as a positive control. GP-17 (dissolved in 5, 10, or 20
mM KH buffer) or RaH (dissolved in 0.3 mM KH buffer) were added
15 min before I/R treatment. For I/R treatment, the hearts were
subjected to 40 min of global ischemia and 60 min of reperfusion.
Similar doses of drugswere used for all experiments, some of which
were performed with either GP-17 or RaH but not both. During the
experiments, the following parameters were recorded continu-
ously by a computerized Biopac system (California, USA): left
ventricular systolic pressure (LVSP), left ventricular end-diastolic
pressure (LVeDP), heart rate (HR), and maximum rate of left ven-
tricular pressure development (þdP/dtmax) and decline (�dP/
dtmin). The rats were randomly divided into the following groups of
12 rats each (1): control group (2); I/R group, in which 0.1% DMSO
was added to the perfusate for 15min and then global ischemiawas
carried out for 40 min and reperfusion for 60 min; (3, 4, and 5) GP-
17 þ I/R groups, in which the hearts were perfused with KH buffer
dissolved with 5, 10, or 20 mM GP-17, respectively, for 15 min and
then were subjected to global ischemia for 40 min followed by
reperfusion; (6) GP-17 group, in which 20 mM GP-17 was added to
the perfusate for 15 min and then replaced by pure perfusate for an
additional 100 min; (7) RaHþ I/R group, which is similar to the GP-
17 þ I/R groups but GP-17 was replaced by 0.3 mM RaH.

2.8. Heart histopathological examination, TUNEL staining, and
antioxidant indices

The isolated rat hearts were fixed by 4% paraformaldehyde, and
the left ventricles were dissected and embedded in paraffin blocks.
Then, the blocks were sectioned, stained with hematoxylin and
eosin, and examined by a pathologist blinded to the groups under a
light microscope (170 Olympus, Tokyo, Japan).

The tissue slices were hydrated in ethanol and washed in
double-distilled water. Terminal-deoxynucleoitidyl Transferase/
(TdT-) Mediated Nick End Labeling (TUNEL) assay was performed
according to the manufacturer's instructions (Roche Applied Sci-
ence, Quebec, Canada). After incubation with Terminal-deoxy-
nucleoitidyl Transferase (TdT) for 1 hour and hand washing in
Phosphate-Buffered Saline (PBS), the slices were examined by using
a fluorescence microscope.

The heart tissues were homogenized (10% w/v) in phosphate
buffer (pH 7.4) and centrifuged. The activities of SOD, GSH-Px,
4



Fig. 2. Effects of GP-17 on depolarization of mitochondrial membrane and mitochondrial respiratory impairment induced by H/R. (A) Representative images showing JC-1 red or
green cells and merge; (B) bar diagram of the red/green cells rate; (C) Seahorse XF24 mitochondrial stress analysis. (D) Bar diagrams showing the mitochondrial respiratory
impairment measured by Seahorse XF24 analysis. ###P < 0.001 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R group, ***P < 0.001 versus the I/R group.
GP-17, gypenoside XVII; OCR, oxygen consumption rate.
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and CAT and the content of MDA were measured in the
supernatant.
2.9. Isolation of cardiac mitochondria and evaluation of mPTP
opening, ROS concentration, mitochondrial calcium uptake, and
mitochondrial calcium-ATP enzyme activity

After perfusion, the excised hearts were immediately placed
on ice-cold isolation buffer that was supplemented with 250
mM sucrose, 5 mM Tris, and 1 mM EGTA. The ventricular tissue
was minced and homogenized in isolation buffer (10 � the
weight of tissue; Beyotime, Shanghai, China). After centrifuging
at 600 g for 5 min, the sediment was resuspended in pancreatin
on ice for an additional 20 min. After centrifugation at 11,000 g
for 10 min, the pellets were resuspended in isolation buffer
(without EGTA). This step was repeated once more. Then,
mitochondrial protein concentrations were determined using
Coomassie Brilliant Blue G reaction (Beyotime Biotechnology,
Shanghai, China).

The mitochondria were loaded with increasing concentrations
of Ca2þ until the threshold was reached. The mitochondria under-
went rapid Ca2þ release because of mPTP opening as previously
described [17]. The mPTP fluorescence detection kit (GenMed INC.,
Shanghai, China) using calcein-fluorescent staining was used to
assessmPTP opening. Isolatedmitochondriawere stainedwith CM-
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H2DCFDA (GenMed Scientifics INC., Shanghai, China), and changes
in the dihydrodichlorofluorescein (DCF) fluorescence intensity
were detected to measure reactive oxygen species (ROS) levels
using a microplate reader (TECAN Infinite M1000, Austria). Mito-
chondrial calcium uptake was also measured (Genmed Scientifics
INC., Shanghai, China). Each result was obtained using mitochon-
dria isolated from the hearts of six different animals.

2.10. Real-time RT-PCR

RNA was extracted from the left ventricle of hearts by TRIzol
reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) and a total
of 2mg RNA was reverse-transcribed into cDNA. The real-time PCR
was conducted by Power SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA) in an iQ5 Real-time PCR detection
system, and the cycle number was normalized to the GAPDH gene.

Primers: Grp78-F, GGAGGATGTGGGCACGGTGGTC, Grp78-R,
GTCATTCCAAGTGCGTCCGATGAGG, GAPDH-F, GCGCCTGGTCAC-
CAGGGCTGCTT, GAPDH-R, TGCCGAAGTGGTCGTGGATGACCT.

2.11. Western blot analysis

Total soluble protein of the left ventricle and cell samples were
extracted by extraction buffer with 1 mM PMSF (Sigma). Equal
amount of proteins was separated by the sodium dodecyl sulfate



Fig. 3. Effects of GP-17 on heart dysfunction induced by I/R in the isolated rat hearts. (A) The real-time data of GP-17 on improving heart LVSP, LVeDP, heart rate, þdp/dtmax,
and �dp/dtmin in the Langendorff-perfused rat hearts; (B) histopathological examination showed GP-17's cardioprotection on I/R-impaired hearts; (C) the images of green fluo-
rescent color showed TUNEL-positive nuclei or blue showed DAPI; (D) intracellular antioxidant enzyme activities examined by SOD, MDA, CAT, and GSH-Px. #P < 0.05 versus the
control, ##P < 0.01 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R group, ***P < 0.001 versus the I/R group.
GP-17, gypenoside XVII; I/R, ischemia and reperfusion; LVSP, left ventricular systolic pressure; LVeDP, left ventricular end-diastolic pressure; SOD, superoxide dismutase; MDA,
malondialdehyde; CAT, catalase; GSH-Px, glutathione peroxidase.
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polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to nitrocellulose membranes to be immunoblot-analyzed.
After incubating with corresponding primary antibodies overnight,
the membranes were then treated with secondary antibody of
1:1000 dilution conjugatedwith horseradish peroxidase. Molecular
Devices densitometer (USA) and ImageJ software were used to
determine the intensities of bands. GAPDH was used as an internal
standard.
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2.12. Statistical analysis

All the results are presented as mean � SD from three inde-
pendent experiments. One-way analysis of variance followed by
Student-Newman-Keuls post hoc test was used to analyze the dif-
ferences between the groups. P < 0.05 was considered statistically
significant.
6



Fig. 4. Effects of GP-17 on mitochondrial damage induced by I/R in the isolated rat hearts. The mitochondria of the isolated rat hearts were extracted and detected by (A) ROS,
opening of mPTP, Ca-ATPase, and Ca2þ concentration; (B) immunoblot analysis of the protein levels in mitochondria and in cytoplasm; (C) bar graphs showing the relative protein
expression. ##P < 0.01 versus the control, ###P < 0.01 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R group, ***P < 0.001 versus the I/R group, $P < 0.05
versus GP-17 (20 mM)þ I/R group, $$ P < 0.01 versus GP-17 (20 mM)þ I/R group.
GP-17, gypenoside XVII; I/R, ischemia and reperfusion; ROS, reactive oxygen species; mPTP, mitochondrial permeability transition pore.
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2.13. Ethics statement

The animal experiments were under the regulations of the
Chinese Guide for the Care and Use of Laboratory Animals.
3. Results

3.1. GP-17 protects H9c2 cells from H/R-induced cell death, LDH
release, and caspase-3 activation

Fig. 1B shows that the cell viability of H9c2 cells was not
significantly different between the GP-17 (1.25e100 mM)etreated
groups and the control group (P > 0.05). Hypoxia treatment for 6 h
647
and reoxygenation for 12 h reduced the cell viability to approxi-
mately 60% compared with that in the control group (Fig. 1C,
P < 0.001). This reduction was suppressed by GP-17 in a dose-
dependent manner (2.5, 5, 10, and 20 mM) (Fig. 1C, P < 0.05,
P < 0.01, or P < 0.001). The H/R treatment also increased LDH
leakage from 57 � 6.2 to 135 � 14.7 compared with the control
group, whereas GP-17 preconditioning significantly decreased LDH
release (Fig. 1D, P < 0.01 or P < 0.001). Similar results were ob-
tained in the caspase-3 analysis (Fig. 1E). Caspase-3 is an important
component of the final pathway leading to cell apoptosis. As
illustrated in Fig. 1E, H/R treatment increased the caspase-3 activity
1.73-fold compared with the control group (P < 0.01); in contrast,
GP-17 significantly reduced the level of caspase-3 in a dose-



Fig. 5. Effects of GP-17 or I/R on the protein expression levels of UPR pathways and ER stresseassociated apoptosis pathways. Expression levels of ER stress, UPR pathway protein,
and the ER stresseassociated apoptosis proteins were detected in the (A) isolated hearts and in (C) H9c2 cells; (B) the relative expression of Grp78 was detected by PCR; the relative
expression levels of protein from isolated hearts (D) and from H9c2 cardiomyocytes (E) were expressed in the bar graphs. #P < 0.05 versus the control, ##P < 0.01 versus the control,
###P < 0.001 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R, ***P < 0.001 versus the I/R, ^^^P < 0.001 versus GP-17 (20 mM)þ I/R group.
GP-17, gypenoside XVII; I/R, ischemia and reperfusion; ER, endoplasmic reticulum; H/R, hypoxia/reoxygenation; UPR, unfolded protein response.
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dependent manner (2.5, 5, 10, and 20 mM) (P < 0.05, P < 0.01, or
P < 0.001). These results illustrate the significant protective effects
of GP-17 against H/R injury. Because 20mM and 40 mM GP-17
exhibited similar effects, 20 mM was selected as the optimal con-
centration for the following experiments.

3.2. GP-17 inhibits H/R-induced intracellular ROS accumulation and
cell apoptosis

Oxidative damage mediated by free radicals contributes to H/R-
induced injury in cardiomyocytes [18]. The ROS ratio was
38.8% � 2.0% in the H/R group versus 26.7% � 1.6% in the control
group (Fig. 1F); however, this increase was significantly attenuated
by GP-17 preconditioning (Fig. 1F and H; P < 0.01).

Antiapoptotic effects of GP-17 were detected by flow cytometry
analysis. As shown in Fig. 1I, the percentage of PI-positive cells in
the H/R group was significantly higher than the control group
(30.7% � 5.1% versus 12.6% � 3.1%, Fig. 1G and I); however, the
apoptosis index was significantly decreased by GP-17 in a dose-
dependent manner (P < 0.05, P < 0.01, or P < 0.001).
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3.3. H/R causes severe mitochondrial damage that is inhibited by
GP-17 treatment

The changes in mitochondrial membrane potential were
assessed by JC-1 staining using a fluorescence microscope. As
shown in Fig. 2A and B, H/R treatment significantly decreased the
ratio of red to green fluorescence intensity in H9c2 cells (P < 0.01).
This H/R-induced effect was significantly inhibited by GP-17 pre-
conditioning (P < 0.01 or P < 0.001).

Fig. 2C shows a representative Seahorse experiment, and Fig. 2D
represents the statistical analysis of mitochondrial respiration. The
cells were evaluated for basal respiration (1e18 min), ATP-linked
respiration (18e44 min), maximal respiration (44e79 min) and
nonmitochondrial respiration (79e96 min). Compared with the H/
R group, the cells in the GP-17etreated groups showed significantly
higher levels of maximum uncoupled OCR at P5, P7, and P13. The
high-dose of GP-17, especially, significantly enhanced the basal
respiration, ATP-linked respiration, maximum respiration, and
nonmitochondrial respiration compared with the H/R group
(Fig. 2D, all P < 0.001). These results provide convincing evidence
8



Fig. 6. Effects of GP-17 on the protein expression levels of PI3K/AKT and P38 signaling pathways. (A) Immunoblot analysis of P-PI3K, PI3K, PeP38, P38, P-AKT, AKT, Bcl-2, BAX, BAD,
caspase-9, caspase-3, and GAPDH were performed in Langendorff rat hearts; (B and C) bar graphs of the proteins’ relative expression; (D) immunoblot analysis of P-PI3K, PI3K, Pe
P38, P38, P-AKT, AKT, Bcl-2, BAX, and caspase-9 were performed in H9c2 cardiomyocytes; (E) bar graphs of the proteins relative expression. #P < 0.05 versus the control,
###P < 0.001 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R group, ***P < 0.001 versus the I/R group.
GP-17, gypenoside XVII; I/R, ischemia and reperfusion.
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that GP-17 inhibits cardiomyocyte injury possibly through a
mitochondrial-dependent pathway.

3.4. GP-17 ameliorates I/R-induced heart dysfunction, suppresses
myocardial cell degeneration, and reduces myocardial apoptosis of
Langendorff rat hearts

To determine the therapeutic implications of GP-17 on I/R in-
juries, we used an ex vivo Langendorff model. RaH, a calcium uptake
inhibitor that functions via a special sodium/calcium channel [19],
was used as positive control. The concentrations of GP-17 (5, 10, or
20 mM) dissolved in KH buffer were chosen based on our in vitro
results and previous experience [4]. After 15 min of stabilization
and drug processing, the adult rat hearts were subjected to 40 min
of global ischemia and 60 min of reperfusion [4]. At the end of the
reperfusion, the LVSP, þdP/dtmax, and �dP/dtmin of the hearts
decreased to 46.2%, 51.1%, and 65.3%, respectively, and LVeDP
649
increased to 395.8% compared with the control group (Fig. 3A,
P < 0.01 or P < 0.001). The impairment function induced by I/R is
consistent with the high degree of tissue injury detected by his-
topathological examination (Fig. 3C) and TUNEL staining (Fig. 3B).
The injury, however, was significantly reduced in the GP-17e
treated groups. The functional parameters of LVSP and � dP/dt in
the GP-17 high-dose group demonstrated a near complete recovery,
with values of 80.3%, 72.5%, and 89.9% of the levels in the control
group, respectively (n ¼ 12, Fig. 3A). LVeDP decreased to 221.7% of
that in the control. HR, which was 242.8 � 19.7 bpm before
ischemia, was not significantly influenced by I/R (Fig. 3A, P > 0.05).
The results of the histopathological examination confirmed that
GP-17 significantly suppressed myocardial cell degeneration,
rupture, interstitial edema, and inflammatory cell infiltration
induced by I/R (Fig. 3C, P < 0.05). TUNEL staining showed that the
apoptosis index was markedly increased in the I/R group (Fig. 3B,
P < 0.01), whereas GP-17 (5, 10, 20 mM) significantly decreased the



Fig. 7. Effects of LY294002 and SB203580 on GP-17einduced cardioprotective effects in Langendorff rat hearts. The hearts with or without 15 min of GP-17 (20mM) preprocessing
were exposed to LY or SB for 15 min. (A) The improved function of GP-17 on heart LVSP, LVeDP, heart rate, þdp/dtmax, and �dp/dtmin were suppressed by inhibitors LY and SB; (B)
immunoblot analysis of the protein expression levels in Langendorff rat hearts; (CeE) bar graphs showed the relative protein expressions of Grp78, CHOP, PI3K, AKT, P38, JNK, and
Bcl-2 were expressed in the #P < 0.05 versus the control, ##P < 0.01 versus the control, ###P < 0.001 versus the control, *P < 0.05 versus the I/R group, **P < 0.01 versus the I/R
group, ***P < 0.001 versus the I/R group.
GP-17, gypenoside XVII; LVSP, left ventricular systolic pressure; LVeDP, left ventricular end-diastolic pressure; I/R, ischemia and reperfusion.
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apoptosis index compared with the control group. Moreover, 0.3
mM RaH treatment also significantly suppressed the I/R-induced
decreases in heart LVSP, þdP/dtmax, �dP/dtmin, and increase in
LVeDP. Taken together, these results demonstrate that GP-17 ame-
liorates I/R-induced heart dysfunction in Langendorff rat hearts
similar to or better than the RaH-positive control.

3.5. GP-17 suppresses oxidative stress in langendorff rat hearts

ROS are disposed enzymatically by CAT, SOD, and GSH-Px
depending on the adequate reserves of reduced glutathione [20].
I/R treatment significantly reduced the activities of CAT, SOD, and
GSH-Px and enhanced the production of MDA (Fig. 3D, P < 0.05 or
P< 0.01); however, these changes were effectively inhibited by GP-
17 pretreatment in a dose-dependent manner, indicating that GP-
17 protects the myocardium from I/R injury by altering the activ-
ities of antioxidant enzyme.

3.6. GP-17 reduces I/R-induced mitochondrial injury and
mitochondrial apoptosis

mPTP opening is a major determinant of cell death in the pro-
gression of I/R injury [21]. Themitochondria from I/R rats generated
significantly more ROS than those from the control rats (Fig. 4A,
P < 0.001). The significant increase in ROS generation was accom-
panied by increased levels of mPTP opening (Fig. 4A, P < 0.001).
Both GP-17 and RaH inhibited ROS generation and mPTP opening.
The concentration of Ca2þ from the I/R group was significantly
reduced as a result of mPTP opening and the inactivation of CaeMg-
65
ATPase (Fig. 4A, P < 0.01). GP-17 significantly increased the con-
centration of Ca2þ similar to that in the control group. Interestingly,
the protective effects of GP-17 on the mitochondria were signifi-
cantly suppressed when the inhibitors of Akt (LY) and P38 (SB)
were added (Fig. 4A, P < 0.05 or P < 0.01).

Moreover, the ratio of cytochrome c in the cytosol to that in the
mitochondria was significantly higher in the I/R group because of
the release of cytochrome c compared with the control (Fig. 4B,
P < 0.01). Simultaneously, the level of the proapoptotic factor BAX
in the I/R group significantly increased; however, the group pre-
treated with GP-17 (20 mM) showed significantly reduced expres-
sion of BAX and release of cytochrome c compared with the I/R
group (Fig. 4B and C, P < 0.05 or P < 0.01).

3.7. ER stress is involved in I/R-induced apoptosis and GP-17
inhibits ER stresseassociated apoptosis

The ER stress-responsive marker Grp78 and the ER stress sen-
sors activating transcription factor 6 (ATF6), protein kinase RNA-
like ER kinase (PERK), eIf2a, and inositol-requiring enzyme 1
(IRE1) [22] were evaluated. As shown in Fig. 5, the expression level
of Grp78 was significantly increased in the I/R-treated group by
1.86-fold compared with the control group (P < 0.01). In addition,
the relative protein expression levels of ATF6, PERK, eIf2a, and IRE1
were significantly increased to varying degrees (1.18-, 1.27-, 1.65-
and 1.29-fold compared with the control group, respectively,
P < 0.05, P < 0.01, or P< 0.001) in the I/R-treated group. Consistent
with previous reports [4], I/R treatment initiated the unfolded
protein response (UPR) and ER stress response; however, the GP-17
0
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(5, 10, 20 mM)etreated groups showed a significant reduction in the
expression levels of Grp78, PERK, and IRE1, but not in ATF6 (Fig. 5A,
C, D, and E, respectively, P < 0.05, P < 0.01, or P < 0.001). The
enhanced expression of CHOP, phosphorylated c-Jun N-terminal
kinase (P-JNK), and activated caspase-12 are generally related to ER
stress [23]. GP-17 (20 mM) significantly suppressed the I/R-induced
upregulation of the proapoptotic proteins P-JNK, CHOP, Bad, BAX,
and caspase-12 compared with the control group (P < 0.05). GP-17
also increased the expression level of the antiapoptotic protein Bcl-
2, thereby inhibiting I/R-induced apoptosis. These results indicate
that ER stress is involved in I/R-induced myocardial injury and
mediates cardiomyocyte apoptosis by PERK/eIF2a- and IRE1-
related pathways. More importantly, ER stress and cell apoptosis
are markedly suppressed by GP-17 treatment.

3.8. The protective role of GP-17 is related to the activation of the
PI3K/Akt pathway and the suppression of the P38-MAPK pathway

The PI3K/Akt signaling pathway plays a critical role in car-
dioprotection in various cardiac disorders [24]. We hypothesized
that the PI3K/Akt and P38-MAPK pathways are involved in GP-17e
induced cardioprotective effects. To study this question, we per-
formed experiments using the specific PI3K inhibitor, LY, or the
P38/MAPK inhibitor, SB. As shown in Fig. 6A and D, decreases in the
ratio of p-PI3K/PI3K and p-Akt/Akt and increase in p-P38/P38 were
observed in the cells exposed to H/R and in the hearts that un-
derwent I/R; however, pretreatment with LY (6mg/ml) or SB (1 mM)
for 15 min reduced the GP-17eenhanced cell resistance to I/R
injury. Both LYand SB weakened the beneficial effects of GP-17 on I/
R-impaired cardiac dysfunction with regard to LVSP, LVeDP, þdP/
dtmax and �dP/dtmin (Fig. 7A, P < 0.05 or P < 0.01), but did not
significantly affect the HR (P > 0.05). LY and SB attenuated the
inhibitory effects of GP-17 on ER stress, cytochrome c release,
caspase-9/3 activity, and expression of Bcl-2 family proteins (Fig. 7,
P < 0.05, P < 0.01, or P < 0.001). Furthermore, LY and SB treatment
significantly upregulated the protein expression levels of Grp78
and CHOP compared with the I/R group (P < 0.05 or P < 0.01), and
GP-17 treatment did not affect this overexpression. These results
demonstrate that both the PI3K/Akt and P38 signaling pathways
are involved in the protective effects of GP-17 against I/R injury.

4. Discussion

Myocardial I/R is a complex pathological process involving
oxidative stress, ER stress, apoptosis, mitochondrial injury, and
myocardial dysfunction [3,25]. In this study, we found that GP-17
reduces cardiac dysfunction, inhibits myocardial oxidative stress
and apoptosis, and improves contractile recovery after I/R. We
demonstrated that GP-17 reduced I/R-inducedmitochondrial injury
by delaying the onset of ER stress through the PI3K/AKT and P38
signaling pathways.

GP-17, derived from Panax notoginseng (Burk.) F. H. Chen, has
been demonstrated to be protective on cerebrovascular and car-
diovascular diseases [14]. Here, we explored whether GP-17 pro-
vides cardioprotective effects against I/R injury. To address this
question, isolated rat hearts under I/R and H9c2 cardiomyocytes
subjected to H/R were established to mimic I/R injury ex vivo and
in vitro. Ranolazine$HCL, which is a late sodium channel blocker
used for chronic stable angina treatment, was used as a positive
control [16]. We observed that GP-17 pretreatment relieved the
heart dysfunction caused by I/R (LVSP, LVeDP,þ dP/dtmax, and� dP/
dtmin) and showed similar or even improved effects compared with
the RaH-positive control group. The negligible impairment in the
functional parameters of in the GP-17etreated animals is consistent
with a significant reduction in tissue injury. The in vitro results
651
confirmed that GP-17 attenuates the inhibitory effects on cell
viability, LDH release, and H9c2 cell apoptosis on I/R in a dose-
dependent manner.

In I/R cardiomyocytes, oxygen and glucose depletion and
increased ROS can induce the UPR and/or ER-associated
apoptotic signaling [26,27]. The UPR mediates ER stress
through three ER transmembrane receptors: PERK, ATF6, and
IRE1a. Prolonged or excessive ER stress would lead to cell death,
typically through apoptosis [28]. A recent study reported that
the PERK arm of the UPR regulates mitochondrial morphology
during acute ER stress [29]. Our data illustrated that I/R mark-
edly increased the levels of the following proteins: ER stress-
responsive marker Grp78; ER stress sensors PERK, eIf2a, ATF6,
and IRE1; and downstream apoptosis proteins including CHOP,
caspase-12, P-JNK, BAX, and Bad. I/R also downregulated Bcl-2,
indicating the activation of apoptosis. CHOP is reportedly
induced by the PERK/eIF2a-dependent pathway and JNK by the
IRE1-mediated pathway [30]. Caspase-12 is a member of the
interleukin-1b converting enzyme subfamily and is reported to
be specific in ER stressemediated apoptosis [31]. GP-17 signifi-
cantly suppressed the I/R-induced processing of caspase-12.
When compared with the I/R group, GP-17 pretreatment
significantly increased the levels of Bcl-2 and decreased the
expression of ER stresseresponsive proteins and apoptosis pro-
teins, especially those involved in the PERK/eIF2a and IRE1-
related pathways. Together these results demonstrate that GP-
17 can prevent I/R-initiated ER stress and cell apoptosis.

The ER-mitochondria junction and it's function in cell death
have received recent increasing attention [32,33]. Targeting
mitochondria, ER, or both may be possible strategies for the
protection of cardiac diseases. With recent developments in the
Seahorse XF Extracellular Flux Analyzer, we are able to assess
intact cell bioenergetic profiles in real time [34]. The popular
label-free system can evaluate a cell's two major energy-
producing pathways simultaneously, namely, mitochondrial
respiration (oxygen consumption) and glycolysis (extracellular
acidification) [35]. Our results indicated that GP-17 significantly
enhanced the basal respiration, ATP-linked respiration, maximum
respiration, and nonmitochondrial respiration compared with the
H/R group. The ex vivo results confirmed that GP-17 inhibited the
generation of ROS andmPTP opening in the mitochondria from I/R
rats. The concentration of Ca2þ from the I/R mitochondria signif-
icantly decreased as a result of mPTP opening and inactivation of
CaeMg-ATPase. A large ROS burst and [Ca2þ]i overload on reper-
fusion of an ischemic heart are major triggers for mPTP opening
[36]. MPTP allows solutes and water to enter the mitochondria,
which increases the matrix volume and causes mitochondrial
outer membrane rupture. GP-17 significantly increased the ac-
tivities of CAT, SOD, and GSH-Px a and reduced the production of
MDA in I/R-perfused rat hearts in a dose-dependent manner,
indicating that GP-17 inhibits oxidative stress by enhancing the
activities of antioxidant enzymes.

The PI3K/Akt signaling pathway promotes cardioprotection in
many cardiac diseases [37]. The activation of P38/mammalian
target of rapamycin is important in various heart diseases [38].
We tested whether the PI3K/Akt and P38-MAPK pathways took
part in GP-17einduced cardioprotection through the use of
specific inhibitors. Our results indicate that preconditioning
with LY or SB dramatically decreased GP-17eimproved cell
resistance to I/R injury. LY and SB impaired the beneficial effects
of GP-17 on ER stress, caspase-9/3 activity, cytochrome c release,
and activation of apoptosis-associated proteins. These results
suggest that GP-17 protects cardiomyocytes against I/R injury
via suppressing the PI3K/AKT- and P38-mediated ER stress
signaling pathways.
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5. Conclusion

The results of this study elucidate the significant protective ef-
fects of GP-17 against I/R injuries both ex vivo and in vitro; such
effects were mediated partly by suppressing ER stresseinduced
mitochondrial injuries through PI3K/AKT and P38-related
signaling pathways. The effects of GP-17 on the alleviation of ER
stress and mPTP opening are associated with the inhibition of
oxidative stress. However, the overall mechanisms underlying the
cardioprotective effects of GP-17 and its association with ER stress
and mitochondrial damage must be further investigated.
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